A Wearable Real-Time and Non-Invasive Thoracic Cavity Monitoring System by Salman, Safa
A Wearable Real-Time and Non-Invasive 
Thoracic Cavity Monitoring System 
 
DISSERTATION 
Presented in Partial Fulfillment of the Requirements for the Degree Doctor of Philosophy 
in the Graduate School of The Ohio State University 
 
By 
Safa Salman 
Graduate Program in Electrical and Computer Science 
 
The Ohio State University 
2015 
 
Dissertation Committee: 
Dr. John L. Volakis, Adviser 
Dr. Fernando Teixeira  
Dr. Bradley Clymer 
 
 
 
Engi eering 
  
 
 
 
 
Copyright by 
Safa Salman 
2015 
 
 
 
 
 
 
 
 
 
ii 
 
 
 
Abstract 
 
A surgery-free on-body monitoring system is proposed to evaluate the dielectric 
constant of internal body tissues (especially lung and heart) and effectively determine 
irregularities in real-time. The proposed surgery-free on-body monitoring system includes 
a sensor, a post-processing technique, and an automated data collection circuit. Data are 
automatically collected from the sensor electrodes and then post processed to extract the 
electrical properties of the underlying biological tissue(s). To demonstrate the imaging 
concept, planar and wrap-around sensors are devised. These sensors are designed to 
detect changes in the dielectric constant of inner tissues (lung and heart). The planar 
sensor focuses on a single organ while the wrap-around sensors allows for imaging of the 
thoracic cavity’s cross section.  
Moreover, post-processing techniques are proposed to complement sensors for a 
more complete on-body monitoring system. The idea behind the post-processing 
technique is to suppress interference from the outer layers (skin, fat, muscle, and bone). 
The sensors and post-processing techniques yield high signal (from the inner layers) to 
noise (from the outer layers) ratio.  
Additionally, data collection circuits are proposed for a more robust and stand-
alone system. The circuit design aims to sequentially activate each port of the sensor and 
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portions of the propagating signal are to be received at all passive ports in the form of a 
voltage at the probes. The voltages are converted to scattering parameters which are then 
used in the post-processing technique to obtain ϵr. The concept of wearability is also 
considered through the use of electrically conductive fibers (E-fibers). These fibers show 
matching performance to that of copper, especially at low frequencies making them a 
viable substitute.  
For the cases considered, the proposed sensors show promising results in 
recovering the permittivity of deep tissues with a maximum error of 13.5%. These 
sensors provide a way for a new class of medical sensors through accuracy improvements 
and avoidance of inverse scattering techniques. 
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Chapter 1: Introduction 
 
Non-invasive monitoring, particularly deep tissue monitoring (imaging), is an 
important aspect of preventative medicine. Traditionally, X-ray, Computed Tomography 
(CT), and Magnetic Resonance Imaging (MRI) scans have been used for non-invasive 
imaging of deep tissues within the body. However, these methods are not suited for 
continuous-time monitoring, as the patient must visit the hospital. Further, these methods 
are expensive, cumbersome, and their frequent use may result in adverse side effects.  
A new trend in medical devices is to seek low-profile devices that are unobtrusive 
and non-invasive. This trend seeks medical devices that enable continuous, unattended, 
and uninterrupted monitoring of a person’s vital signs, including imaging of internal 
organs [1-4]. Towards this goal, several sensors have already been considered and some 
have resulted in commercial devices [1, 2].  
Focusing on lung and heart monitoring, commercial devices can vary in 
complexity and accuracy, but still they only focus on basic functions such as monitoring 
temperature, heart rate, and respiration rate. For example, the Corventis mobile patient 
management system (Figure 1.1 (a)), provides continuous monitoring of ambulatory 
patients (with heart failure or fluid management problems) and alarms healthcare 
providers of any changes in the patient’s condition. Similarly, the Zio-Patch (Figure 1.1 
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(b)) is a long-term cardiac rhythm monitoring device [1].  
A more complex class of monitoring devices is embodied in wrap-around chest 
bands. An example is the Adidas MiCoach Pacer System (Figure 1.1 (c)) aimed toward 
athletic applications, such as measuring speed, heartrate and interpreting the measured 
data for feedback. A similar device is the VivoResponder™ showed in Figure 1.1 (d) [2]. 
This is a wearable system that monitors fitness and condition of first responders and 
biohazard workers. It provides continuous, real-time physiologic monitoring by gathering 
data from the sensors, and transmitting them to a remote command center in real-time.  
The next level of complexity in wearable health monitoring devices involves 
monitoring shirts that incorporate concepts of wearable electronics and conductive fibers 
(E-fibers). In this class, the SensaTex Smart Shirt™ (Figure 1.1 (e)) is a flexible wearable 
platform that can be customized to monitor vital signs, external impact, and other data 
through sensors woven into its fabric [3, 4]. The system includes embedded sensors that 
monitor heart rate, respiration, and other vital signs. The data collected from the Smart 
Shirt™ are sent to an information hub via cellular towers, where they are monitored for 
abnormality. The open platform also allows for additional sensors to be integrated.  
Another example of wearable and continuous health monitoring devices is the 
WEALTHY system (Figure 1.1 (f)) [5]. In this system, sensors, electrodes, and 
connections are realized with conductive and piezoresistive yarns. The WEALTHY 
system is designed to monitor physiological signals such as respiration, 
electrocardiogram, activity, and temperature for individuals affected by cardiovascular 
diseases, and is used during the rehabilitation phase. 
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(a)       (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c)    (d)    (e) 
 
 
 (f)  
Figure 1.1: The spectrum of current commercial wearable devices with respect to 
function complexity: (a) Corventis patient management system, (b) Zio-Patch cardiac 
rhythm monitor from iRhythm [1], (c) Adidas MiCoach pacer system, (d) the 
VivoResponder™ [2], (e) the Smart Shirt™ sensory architecture [3, 4], and (f) the 
WEALTHY wearable system [5]. 
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Although the previously mentioned sensors are advanced in the area of data 
collection, they lack deep tissue monitoring or even imaging. In this Dissertation, a new 
surgery-free on-body monitoring system is proposed to combine deep tissue monitoring 
and wearable sensors. Changes in the tissues are reflected as changes in electrical 
properties thus the condition of the tissue can be detected by simply evaluating, or 
imaging the tissue's electrical properties. The proposed system includes a variety of 
technologies from different disciplines in a synergistic manner (Figure 1.2).  
 
 
Figure 1.2: Overview and components of the proposed body worn imaging sensing 
system with data transfer. 
 
 
Importantly, the system brings forward a number of features with some not 
available today by integrating: 
(a) New imaging algorithms implemented with low power body-worn sensors.  
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(b) Flexibility and adaptability of the sensors by fabricating them using textile 
electronics [6].  
(c) Data transfer capabilities through body area networks using Bluetooth or Wi-Fi 
[7]. 
(d) Post-processing on mobile devices [8]. 
With this in mind, this Dissertation is organized as follows: 
Chapter 2 presents a review of body-worn imaging techniques reported to date. 
The goal of Chapter 2 is to give the reader an understanding of the advantages and 
disadvantages of available imaging techniques, with respect to their applications, 
portability, and accuracy. Chapter 2 concludes by emphasizing the need for a new, 
portable, and low-cost technique that can extract the dielectric properties of tissues deep 
inside the body and across its cross section.  
Chapter 3 begins by explaining the foundations, features, and capabilities of the 
proposed new health monitoring system and associated post-processing technique. 
Chapter 3 focuses on verifying the applicability and accuracy of the proposed body worn 
imaging sensor. A new representation of the body's dielectric constant is given as a 
function of the collected/measured field on the chest surface, while suppressing 
interference from outer tissues. Chapter 3 continues to introduce the preliminary 
application of the proposed concepts using a compact planar on-body electrode set.  
Chapter 4 showcases more applications of the proposed body-worn imaging 
system. A study on pulmonary edema stages is provided via simulation and further 
validated using measurements. Also, the electrode set is integrated with a Medical 
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Sensing Body Area Network (MS-BAN) prototype for automated data transfer. This 
chapter concludes with the adaptation of the body-worn sensor to fabrication using 
electric fibers on textile surfaces.  
Chapter 5 expands on the aforementioned concept to introduce a wrap-around 
sensor for imaging the body's cross section. For this investigation the human body is 
modeled as an elliptical cylinder, and the fields are measured along the perimeter of the 
body. Later on, the chapter introduces the electrode subgrouping technique for localized 
acquisition of dielectric properties as well as validation through experimentation.   
Chapter 6 investigates dielectric constant extraction at pre-specified locations 
using multiple excitations. Specifically, the chapter focuses on the extraction of the 
dielectric constant of the center pixel and investigates the potential for pixel-by-pixel 
imaging. 
It is important to keep in mind the end goal of the system as a whole. Thus, 
Chapter 7 expands on the concept of automated data collection to showcase a more 
complete and compact data collection circuit as well as a wireless data transfer option. 
The chapter concludes with the experimental application of the center pixel extraction 
technique (shown in chapter 6) using the automated data collection circuitry (in chapter 
7). Results show error of less than 8.2% at all times when compared to the exact values of 
the tissues’ dielectric constant.  
Chapter 8 summarizes the findings of this Dissertation and sheds the light on 
potential future work.  
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Chapter 2: Non-Invasive Medical 
Imaging Techniques 
 
As healthcare becomes personalized, there is a need for reliable, portable, 
wearable, continuous, and non-invasive monitoring systems that also include body 
imaging. Indeed, significant progress has been made in the area of non-invasive imaging 
techniques. Next, we provide a brief overview of some popular imaging approaches.  
 
2.1 Electrical impedance tomography 
Electrical impedance tomography (EIT) aims to reconstruct the spatial 
conductivity and permittivity within the body by measuring the currents and voltages on 
the periphery of the same body (Figure 2.1). This technique provides high tissue contrast 
images by reference to the pre-specified state of the body's density. By recording 
deviations in the body's density (in the form of change in the measured voltages, i.e. 
potential difference), abnormalities can be detected. This is done by carrying out 
biological tissue impedance measurements across 20 Hz to 1 MHz [9]. To reconstruct the 
conductivity distribution across the body, Laplace's inhomogeneous equation is solved 
for the conductivity σ [10]: 
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Laplace's equation   𝜵. (𝝈𝜵𝒖) = 𝟎  𝒊𝒏𝒔𝒊𝒅𝒆 𝜴     (2.1) 
Boundary condition    
𝝏𝒖
𝝏𝒏
= 𝑰 𝒐𝒏 𝜞     (2.2) 
 
In the above 𝜎 is the conductivity, 𝑢 is the electric potential, 𝛤 is the boundary, 𝛺 is the 
domain inside the boundary, I is the current on the boundary and n is the unit normal to 𝛺 
directed outward (Figure 2.1). Since σ is not uniform within the biological tissue cross 
section, equations (2.1) and (2.2) are solved by assuming that the cross section is divided 
into a finite number of regions/pixels. The conductivity is assumed to be uniform within 
each pixel.  
 
 
Figure 2.1: EIT measurement schematic. 
 
 
In EIT, a collection of different current patterns is applied concurrently to all the 
electrodes. The current patterns needed are proportional to the number of pixels. Enough 
patterns are needed to generate an overdetermined system of equations to solve for all 
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pixels. For each current pattern, voltage is measured between consecutive sets of 
electrodes. While the impedance mesh map remains constant, an overdetermined system 
results at hand. If there are N such regions/pixels, then N or more simultaneous equations 
are needed in the overdetermined system. These will define the dependence of the pixel 
conductivity values on the boundary measurements [10-12].  
With the above considerations in mind, the inverse problem of EIT is a 
numerically challenging problem, as it is ill-posed, ill-conditioned, and non-linear. 
Therefore, direct inversion is not recommended to solve the system. Instead, iterative 
techniques and regularization algorithms are used to solve the system (e.g. 
Iterative Lavrentiev and L-Curve-Based Regularization Algorithm [14]). However, these 
are at the expense of degraded spatial resolution, and/or some attenuation of the 
maximum perturbation (see Figure 2.2(a)). 
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(a) 
 
 
(b) 
 
 
 (c) 
Figure 2.2: Electrical Impedance Tomography (EIT): (a) Exact vs. reconstructed 
conductivity [13], (b) a sample graphic definition of the terminologies used in the EIT 
accuracy study to determine if the anomaly in any recovered image is unresolvable, 
barely resolvable or resolvable, and (c) an accuracy study of EIT with indicators 
corresponding to the terminology in Figure 2.2 (b). 
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 The main features of EIT can be summarized as follows:  
 
 Applicability: Applications of EIT mainly include real-time imaging of 
ventilation [15-17]. EIT was first used to monitor respiratory function in 1983 
and remains the only bedside method that allows repeated, non-invasive 
measurements of regional changes in lung volumes [18, 19]. One prototype 
closest to everyday use is the ENLIGHT 1800 Uneven Ventilation Detector. 
Such device is beneficial in the detection of collapsed lung.  
 Portability: Portable applications of such EIT devices are limited to bedside 
applications. This is due to the required generation of variable current patterns 
around the electrodes, yielding complex circuitry to carry out this task.  
 Accuracy: Although EIT has a vast potential in use, the applications are still 
limited by its accuracy. Specifically, tissue diversity and reconstructable 
abnormality shapes are limiting factors to EIT's imaging accuracy, as shown 
in Figure 2.2 (a, b, c). 
 
2.2 Ultrasound and acoustic impedance tomography 
While EIT relies on the resistive properties of tissues, Ultrasound relies on the 
acoustical properties. With little energy transmitted, Ultrasound is still able to separate 
the different effects that the transmitted waves face as they travel through the tissues 
(diffractions, reflections and transmissions). To ensure deep tissue penetration, operation 
frequency is low (range of 1-20 MHz). Specifically, ultrasound works by reflection 
amplitude and time delay. In other words, small pulses of ultrasound echo are transmitted 
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from a transducer into the body. Along the path of transmission, pulses propagate through 
tissues of different acoustic impedances.  
The transmitter and receiver are placed on the same side and within the same 
device, referred to as the transducer. Thus, an ultrasound transducer works both as a 
speaker (generating sound waves) and a microphone (receiving sound waves). While a 
portion of the waves/pulses is reflected back early in time (echo signals), some continue 
to propagate deeper. Earlier received echoes are reflected from structures close to the 
surface, whereas later echoes correspond to deeper targets [20]. When the incoming 
ultrasound pulse encounters an interface of two body tissues with different acoustic 
impedances, an echo intensity is generated that is proportional to the acoustic impedance 
gradient between the two mediums. Multiple echoes received from multiple tissues at 
different depths are separated by: 
(a) Time delay of reception. 
(b) The strength of the signal received.  
For imaging, the echo signals returning from many sequential coplanar pulses are 
processed and combined to generate an image that maps the reflected signal to specific 
tissue contrast. This is done using the echo’s back projection formulation of the reflected 
image. [20-22]. 
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Figure 2.3: Ultrasound wave–tissue interactions. 
 
 
The main features of Ultrasound imaging can be summarized as follows: 
 Applicability: Time domain Ultrasound imaging is applicable to abdominal, 
cardiac, urological, fetal, pediatric, thoracic/pleural, and fluid detection 
measurement and analysis. Notably, Ultrasound is mostly applicable to soft 
tissues (no bones) [23]. 
 Portability: Ultrasound devices can be portable, but not wearable, making them 
suitable for clinical use. GE Healthcare’s Vscan imaging device is an example of 
a commercially available portable ultrasound scanner. The Vscan is compact in 
size (the size of a smartphone) which enables physicians to carry ultrasound 
technology in their pockets. 
 Accuracy: The accuracy of Ultrasound is dependent on many factors [24]. 
Specifically, the depth resolution is determined by the width of the acoustic pulse 
in that the resolution improves as the pulse becomes shorter and of higher 
frequency. However, attenuation increases with higher frequencies causing signal 
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loss and dispersion. In the end, it is important to note that the recovered image is a 
grey scale one. 
 
2.3 Microwave imaging  
Microwave Imaging is based on recovering the exact electrical properties, namely 
permittivity and conductivity. Microwave imaging for biomedical applications is 
particularly interesting, because the available range of dielectric properties of different 
tissues can provide substantial information about their current state.  
Microwave imaging spans over the 300 MHz to 30 GHz frequency range and 
utilizes an array of wideband antennas placed around the tissue structure or body. Both 
back-scattering and bistatic data can be collected. Based on the frequency of interest, 
there are two key issues to address with microwave imaging. First, the higher the 
frequency, the smaller the antenna size needs to be. Concurrently, the higher the 
frequency, the smaller the depth penetration. Thus, microwave imaging systems are 
applicable only for near field measurements.  
The main features of microwave imaging can be summarized as follows: 
 Applicability: Breast cancer detection and treatment-response monitoring are 
areas where microwave imaging is highly promising [25]. This is mainly due to 
the significant dielectric property contrast between normal/benign and malignant 
breast tissues [26]. 
 Portability: While microwave imaging is opening a new realm for medical 
monitoring, it remains a complex technique with specific requirements. 
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Specifically, most applications require the use of coupling medium between the 
antenna array and human tissue. This coupling medium mimics tissues in effort to 
minimize microwave scattering. However, complex circuitry is needed to send 
wideband signals to an array of antennas and receive wideband signals as well. 
Such requirements render portability and wearability improbable.  
 Accuracy: Resolution of existing methods suffers when attempting to image deep 
embedded tissues. This is because of the inherently lossy characteristics of 
biological tissues at microwave frequencies.  
 
2.4 Conclusions   
Medical imaging has attracted much attention through becoming a useful 
diagnostic tool. By reviewing the currently available techniques for non-invasive and 
continuous medical imaging, we may conclude that: 
(a) EIT and Ultrasound give out a contrast image rather than the actual values of the 
tissue electrical properties.  
(b) Applying some of the discussed imaging techniques in real-life portable devices 
can be cumbersome, while compactness can be far from ready for some.  
(c) None of the aforementioned techniques combined compactness and accurate 
dielectric property measurement within the same device.  
With these observations in mind, this Dissertation addresses the implementation 
of deep-tissue imaging techniques within an on-body monitoring system. The proposed 
system consists of a sensor, a post-processing technique, and a data transmission unit. A 
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plurality of probes (or antennas) was used to create the sensor and enable internal organ 
monitoring at least 8-10 cm deep into the body without using in-vivo/implanted detectors. 
The sensor evolves from a compact planar sensor (17 electrodes and 16 ports) to a wrap-
around band sensor. The goal in designing this system was to allow for continuous 
ambulatory monitoring as a diagnostic procedure. This is important for patients requiring 
supervised recovery from an acute event or surgical procedure. Next, we discuss further 
in detail the accomplished research towards a wearable health monitoring system for 
continuous, real-time imaging of the underlying tissues.  
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Chapter 3:  Determining the Relative 
Permittivity of Deep Embedded Biological 
Tissues Using a Compact Planar Sensor 
 
This chapter introduces a new in-vivo method and sensor to determine the 
dielectric properties of deep human tissues, including lungs. A surgery-free method is 
proposed for on-body monitoring to evaluate the electrical properties of internal body 
organs and to detect irregularities in real-time. The method uses a set of electrodes (40 
MHz in operational frequency) to obtain data that relates the electrical properties of the 
underlying biological tissue(s) to the measured port scattering parameters. By using 
multiple electrodes, effects from outer layers (skin, fat and muscle) can be suppressed 
allowing for an accurate characterization of deeper layers. Specifically, the dielectric 
constant is expressed as a weighted sum of the scattering parameters from each probe. 
The weights of the scattering coefficients are then determined through a training process 
to ensure that various changes in the outer layers do not contaminate the extraction of the 
dielectric constant(s) associated with deeper tissues.  
In this chapter, we propose a new on body health monitoring sensor that 
18 
 
incorporates a plurality of probes to enable in-vivo internal organ monitoring as far as 8-
10 cm deep into the body without using implanted detectors. A goal in designing such 
sensor is to allow for continuous ambulatory monitoring as a diagnostic procedure. This 
is important for patients requiring supervised recovery from an acute event or surgical 
procedure. We remark that existing sensors [1-5] provide limited functionality such as 
breathing, temperature and heart rate monitoring (as discussed in Chapter 1). On the other 
hand, the proposed sensor penetrates deep into the body to monitor other organs.  
Our method is intended to eliminate the need for surgical removal of tissue 
samples by identifying the electrical properties of the tissue via reflectivity 
measurements. There is a significant difference between the dielectric constants of 
normal/benign vs. cancer tissues, especially at lower frequencies [26]. Therefore, the 
proposed sensor has the potential to differentiate between malignant and healthy tissues 
since the sensor helps calculate the electrical properties. Indeed, the idea of characterizing 
material based on electrical properties has been used in applications such as microwave 
imaging (as discussed in Chapter 2). However, the resolution of such applications suffers 
when attempting to image deep embedded tissues because of the lossy characteristics of 
biological tissues.  
 Another advantage of the proposed sensor is that it provides for real-time 
monitoring of internal organs in a carefree manner. This is important for patients-at-risk 
and for patients with time sensitive diseases such as congestive heart failure or 
pulmonary edema. The unique features of the proposed sensor are: 
(a) Large fringing field penetration depth.  
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(b) Detection of small dielectric changes.  
These capabilities are owed to the sensor’s large surface area and the multiple 
signal probes across its surface. The fringing field depth is often estimated to be about 
half of the overall width of the sensor. Further, use of multiple electrodes offers the 
capability to detect fields that have propagated deeper into the tissue and, thus, be 
associated with the dielectric constant (ϵr) at that depth. Concurrently, because each probe 
can detect fields up to a certain depth (based on its distance from the excitation probe), 
post-processing can be used to determine the dielectric constant as a function of depth. In 
effect, post-processing is used to suppress effects from the outer human layers and, thus, 
provide for a more accurate determination of the dielectric constant associated with 
deeper tissues.  
 
3.1 RF Sensor structure and development 
The proposed sensor is composed of a finite set of N electrodes (antennas) fed by 
N-1 ports, as shown in Figure 3.1. The first port is located between the first two 
electrodes and is excited by a single-tone RF signal. The rest are only for receiving the 
radiated fringing field after propagation and dissipation into the tissues. Specifically, the 
scattering parameters are measured at the ports. These parameters are denoted as Si1, 
where i = 2, 3, …, N-1, with port #1 being always active. A 50 Ω load is placed across the 
unused ports to facilitate readings of the Si1 parameters. As implied from Figure 3.2 (a), 
the signal at the furthest (leftmost) electrodes are more dependent on the deep layer 
properties.  
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(a)     (b) 
Figure 3.1: (a) Overview of the proposed lung monitoring sensor setup, and (b) port read-
outs setup. 
 
 
This observation is critical to our premise that a multiprobe sensor can extract the 
dielectric constant (ϵr) of deeper layers/tissues. One can surmise that each probe in the 
array can sense a different depth of the human tissue. That is, with the proper calibration, 
the sensor can potentially provide an accurate determination of ϵr as a function of depth. 
As indicated in Figure 3.2 (b), by plotting the port scattering parameters versus 
port number, one can differentiate the curves corresponding to the dielectric constants of 
deeper tissue layers. Two properties in this graph are of interest:  
(a) That overall signal levels (port read-outs or Si1 values) are sufficiently large and 
varying from probe to probe. 
(b) The dynamic range of the Si1 values is also wide enough for accurate mapping of 
the tissues’ dielectric properties. The dynamic range is associated with the furthest 
port from the active one, as the Si1 value of this port is most affected by the inner 
layers. The larger the dynamic range, the more precisely we can detect finer 
changes in ϵr, an essential aspect of monitoring recovery/illness.  
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(a) 
 
 
(b) 
 
 
 
(c) 
Figure 3.2: (a) Illustrations of the electrodes on the layered human torso with 
corresponding ports for measuring the voltages between the electrodes, (b) port readout 
vs. port number for different inner tissue dielectric constants, and (c) electrical properties 
of tissues vs. frequency [27, 28].  
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 The operating frequency was selected to provide better differentiation in the 
electrical properties of the biological tissues. As can be surmised from [27, 28] and 
Figure 3.2 (c), tissues exhibit high diversity in the electrical properties (especially relative 
permittivity and loss tangent) at frequencies below 100 MHz. This quality is highly 
needed in the proposed system so as to better differentiate between tissues. Therefore, we 
chose to operate the sensor at the Industrial, Scientific and Medical (ISM) radio band 
centered at 40.680 MHz. 
 
3.2 Sensor design for dielectric constant extraction 
The design of the proposed sensor was motivated by the need to obtain Si1 levels 
that are sufficiently large and vary from probe to probe with acceptable dynamic range. 
To accomplish the above two goals, a series of parametric studies were carried out. 
Specifically, the length of the probes, width, and separation distance were varied subject 
to maximum size restrictions. These optimizations were done for a sensor occupying 16 
cm in width and 10 cm in length (top to bottom). With these size restrictions, we also 
examined the maximum number of probes that can be fitted in the 16 cm width region. 
We found that as the number of probes increases, the dynamic range increases. However, 
the overall Si1 port values also decreased, an undesirable effect. A suitable compromise 
between lower signal levels and higher dynamic range is the choice of 17 electrodes. To 
further increase the sensor’s dynamic range and improve Signal to Noise Ratio (SNR), 
we inspected the field behavior across the probes. We found that the fields were mostly 
confined between the first two electrodes that surround the feeding. This is due to 
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impedance mismatches, typical of a uniform probe distribution.  
To improve impedance matching, we considered a sensor with non-uniformly 
spaced probes as depicted in Figure 3.3. Only the first two electrodes were spread apart 
and connected with meandered lines. This meandering served to improve matching and 
increase the power that reaches the outer electrodes. As shown, the design provides for 22 
dB of dynamic range when the dielectric constant is varied from ϵr = 1 to ϵr = 180. We 
remark that this electrode set offers sufficient dynamic range for measuring the ϵr of deep 
tissues.  
 
 
Figure 3.3: Electrode set schematic and dynamic range simulation results. 
 
 
3.3 Correlation between measured scattering parameters and the dielectric constant 
As can be understood, the goal is to extract the dielectric constant of deep 
biological tissues (see Figure 3.2) using the Si1 values. To do so, it is necessary to first 
remove the impact of the outer layers. That is, we wish to numerically “peel off” the 
24 
 
outer layers (skin, fat and muscle) and only focus on the inner tissue layer(s)/organs. We 
assume a linear approximation for the permittivity as a generic function of the scattering 
parameters. That is, we propose to represent ϵr as a weighted sum of the scattering 
parameters measured from the multiprobe sensor at ports i = 2, 3, …, N, where N refers to 
the total number of measurement ports. That is,  
 
𝜖r
 = ∑ wi−1 Si1
N=16 ports
i=2
                                                     (3 − 1) 
 
where i is the port number, wi-1 refers to the weights (to be calculated) at each port and Si1 
are the scattering parameters read across the ith port. In effect, the weights w in (3-1) need 
be “trained” to minimize errors in extracting ϵr. Basically, this is a calibration of the 
system. 
 The weights in (3-1) must be adjusted so that:  
(a) Changes in the inner layer #4 in Figure 3.2 are highlighted. 
(b) Changes in the properties of the outer layers (skin, fat and muscle) from one test 
subject to the other are minimized. That is, the effects on ϵr due to the top layers 
must be calibrated out.  
To carry out the above procedure, we proceeded to first collect simulated data using a 
known inner tissue in presence of varying outer tissues (varying thickness and dielectric 
values). Concurrently, we collected the Si1 values for these different configurations and 
constructed a system of equations that enforced (3-1) for each configuration. Each row in 
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this system’s matrix is associated with the collected scattering parameters (Si1, i = 2, ..., 
N) for a single outer layer condition. This process was repeated for different inner tissue 
dielectrics as illustrated in Figure 3.4. Materials with electrical properties in the 
neighborhood of human tissues (deflated lung, inflated lung, etc.) were used as a 
guideline in these simulations. 
 
 
Figure 3.4: Illustration of the simulated combinations used to calculate the weights 
mathematically (values for tanδ, σ and ϵr are based on [27, 28]). 
 
 
 Using the above approach to generate a training system of equations to extract ϵr 
for layer #4 in Figure 3.2, (3-1) can be modified to read 
 
ϵr j,k
 = ∑ wi−1 Si1,j,k
16 ports
i=2
                                                 (3 − 2) 
 
In this, j represents variations in the inner tissue dielectric constant, k refers to the outer 
layer choices (combinations of dielectric constant, conductivity and thicknesses). A total 
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Si1 for ϵr j for 
various outer 
layers (k) 
Si1 for ϵr1 for 
various outer 
layers (k) 
of 3600 cases were considered and the Si1 values for a known inner layer ϵr were used to 
construct the matrix system in Thus, (3-3). As noted, there are only 15 weights to 
calculate (one weight value per port excluding the excitation port) but there are 3600 
rows in the data matrix. (3-3) is an over-determined system to be solved via the least 
squares method. 
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Assuming typical human tissue (as shown in Figure 3.4), we determined a set of 
weights so that 
 
𝜖𝐫
 = −𝟐.𝟖𝟓𝐒𝟐𝟏 − 𝟎. 𝟖𝟐𝐒𝟑𝟏 + 𝟓. 𝟐𝟐𝐒𝟒𝟏 + 𝟐. 𝟗𝟏𝐒𝟓𝟏 − 𝟎. 𝟏𝟗𝐒𝟔𝟏 + 𝟎. 𝟔𝟗𝐒𝟕𝟏 +
𝟒. 𝟗𝟓𝐒𝟖𝟏 + 𝟒. 𝟎𝟔𝐒𝟗𝟏 + 𝟕. 𝟐𝟐𝐒𝟏𝟎 𝟏 − 𝟒. 𝟓𝟔𝐒𝟏𝟏 𝟏 + 𝟒. 𝟐𝟐𝐒𝟏𝟐 𝟏 − 𝟐. 𝟑𝟒𝐒𝟏𝟑 𝟏 −
𝟔. 𝟓𝟏𝐒𝟏𝟒 𝟏 − 𝟏𝟏. 𝟔𝟗𝐒𝟏𝟓 𝟏 + 𝟐. 𝟎𝟎𝐒𝟏𝟔 𝟏                                                                               (3 − 4)   
 
Next, we validate the above expression with experiments. 
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3.4 Measurements and validation 
Since,  a  human  test  subject  has  not  been  approved  for  testing, validation of 
the sensor's functionality was done in two steps. First, measurements using a small 
electrode set were carried out to validate our analysis. In all these measurements we 
employed a mannequin filled with a dielectric to emulate the human body. Data were 
collected using a) an empty mannequin and b) one filled with a liquid of ϵr = 56. This 
liquid is supposed to provide emulation to the human body [27, 28]. Our first fabricated 
and tested sensor consisted of 9 electrodes and 4 ports. As noted, the rightmost port was 
active and the other 3 ports were used to collect the penetrating field through the torso.  
 
(a) 
 
 
 
 
 
 
 
 
 
(b) 
Figure 3.5: (a) Fabricated sensor placed on the torso of a mannequin filled with liquid to 
emulate the human tissue and (b) simulated vs. measured data. 
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The fabricated 9-electrode sensor is depicted in Figure 3.5 (a). The mannequin’s 
skin was 3 mm thick and was associated with ϵr ≈ 3. Of importance is that good 
agreement was achieved between measurements and simulations, validating our 
representation of the torso as an elliptic cylinder having minor and major radius of 10.17 
cm and 16.425 cm. Figure 3.5 (b) shows a maximum error of 6.8% due to using a 
simplified torso for simulations. 
The second step in our validation was to fabricate the final 17-probe lung sensor 
and evaluate it for extracting the dielectric constants of tissues. We did so by extracting 
the dielectric constant in deep biological regions and in presence of different outer layers 
(ground beef or steak). We also considered different inner layers (distilled water, ground 
beef, ground beef with air bubble, etc.) with a goal to accurately extract their dielectric 
constant. A schematic of the experimental setup is shown in Figure 3.6 (a).  
Table 3.1 shows a comparison between the exact values (obtained using an 
Agilent 85070D dielectric probe kit) and those obtained using the Si1 values from probe 
sensor and (3-4). From Table 3.1 we observe that the computed ϵr values using (3-4) are 
fairly accurate. Specifically, when ϵr = 111.52, the error is only 2.98% and for ϵr = 60.84, 
the error is 6.69 %. These errors are rather small and acceptable for practical use. 
 
Table 3.1: Measured ϵr using (3-4) vs. its exact value 
Case 
# 
Inner layer Outer layer Exact ϵr 
Calculated ϵr 
using (3-4) 
% 
Error 
1 Distilled water Steak 80.40 83.56 3.93 
2 Distilled water + salt Steak 111.52 108.20 2.98 
3 Ground beef Ground beef 60.84 64.91 6.69 
4 Ground beef + air balloon Ground beef 56 58.85 5.09 
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(a)      (b) 
 
 
 
(c) 
Figure 3.6: Experimental set-up for validating the 17 probe (16 ports) lung sensor. (a) 
Experimental set up for extracting the dielectric constant of inner layers, see Table 3.1, 
and in presence of different outer layers, (b) set-up for extracting the dielectric constant 
of minced pork with inserted foam blocks, see Table 3.2, and (c) the materials used in the 
experiment.  
 
 
  To better demonstrate the capability of the sensor, we also collected scattering 
parameters for the sensor when placed on a block of minced pork hollowed out to encase 
a single foam block. This experiment was repeated with foam blocks of different sizes. 
These foam blocks were intended to represent air volumes within the lung. For each foam 
block experiment, Figure 3.6 (b, c), we calculated the average of the inner layers’ ϵr by 
inserting the collected scattering parameters in (3-4). The results are shown in Table 3.2. 
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We observe that the computed ϵr values are always less than 8% in error proving the 
efficacy of the proposed sensor and post-processing technique. Further reduction of the 
error rate can be achieved by calibrating the sensor performance against known material.  
 
Table 3.2: The measured ϵr using (3-4) vs. exact value 
 
 
3.5 Sensor placement study 
The goal with the proposed torso imaging sensor is to be used in everyday 
monitoring. Thus, our next step was to assess the potential and limitations of the 
proposed system in approximating the tissue dielectric properties under realistic 
conditions. To do so, the sensor was placed on a phantom, and moved up and down as 
well as left to right. The set-up is shown in Figure 3.7. As the sensor is moved, the 
scattering parameters are collected and used to calculate the relative permittivity of the 
underlying tissues which are then compared to a library of organ tissue permittivities. 
Each recovered effective relative permittivity is also compared to the exact relative 
permittivity used in the simulation setup to obtain dielectric constant extraction errors. 
From Figure 3.7, the sensor behaves as expected. That is, when the sensor is 
placed over a single organ, it is able to recover the effective relative permittivity of that 
specific organ within an acceptable error rate, yielding conclusive results on the organ 
Foam block size Volume of block Exact ϵr 
Calculated ϵr using 
(3-4) 
% Error 
Small 9x7x7 cm3 75.60 81.33 7.58 
Medium 8x11.5x10 cm3 58.51 60.21 2.90 
Large 12.5x12.5x12.5cm3 21.65 20.00 7.62 
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type. However, when the sensor is placed over portions of multiple organs, the detected 
relative permittivity is the volumetric average of the tissues underneath the sensor. Of 
course, this makes the detection of a specific organ inconclusive. Assuming a lung 
monitoring scenario, the aforementioned problem can be overcome by placing the sensor 
sideways and underneath the armpit, as shown in Figure 3.7 (b). Alternatively, and this is 
the goal, we can adapt the sensor and measurement approach to create a cross sectional 
image of the torso. In this manner, the organs will be seen with specific granularity. This 
is discussed further in Chapters 5-8.  
 
 
(a) 
 
 
 (b) 
Figure 3.7: (a) Sensor movement and its effect on detecting organs of interest, and (b) 
suggested placement.  
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3.6 A theoretical study on the accuracy of the small planar sensor in estimating the 
dielectric constant of deep biological tissues 
With the proposed technique in mind, the next step is to investigate the feasibility 
and accuracy achievable when relating the tissue properties inside the body to the 
measured received signals on its perimeter. A study by Michel et al. [29], investigated the 
theoretical accuracy limits of the proposed monitoring concept. In this paper, a numerical 
study is performed to better assess the accuracy of the proposed linear approximation 
equation and determine critical parameters that affect it. 
The human torso was modeled as a stratified dielectric medium and the electric 
field distribution on its surface was computed using a custom numerical code [29]. 
Specifically, the probe sensor is a linear arrangement of transmitting and receiving ideal 
dipoles sources or probes. For a specific excitation, a spectral domain Green’s function is 
used [30] to calculate the received fields at the probe locations. The dielectric constant at 
a specific depth inside the torso is then expressed as a linear combination of the surface 
electric field samples.  
 Critical parameters that affect the accuracy are determined through the numerical 
study, and basic guidelines for sensor design optimization are provided. Guidelines 
include:  
(a) The electric field must be recorded across a sensing area that spans at least 20 cm 
from the source point. 
(b) For a given sensor length, a larger number of probing points lead to greater 
accuracy. 
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(c) Increased accuracy is achieved when the matrix system used to solve for 𝑤𝑖 
increases in size. 
It was concluded that the deep tissue’s dielectric constant can be estimated with 
errors lower than 3%, at almost any arbitrary depth, demonstrating the efficacy of the 
method and proposed representation. 
 
3.7 Discussion and summary 
 We presented a new method for extracting in-vivo dielectric properties of 
embedded tissues deep into the human body. Specifically, a sensor was developed and 
tested. This sensor consisted of 16 ports and 17 electrodes, one being active and the rest 
serving as signal receivers. A key aspect of the sensor’s operation is the suppression of 
interference from the outer layers to improve the accuracy of the extracted dielectric 
constants. Simulations and measurements showed that the dielectric values of biological 
tissue, deep inside the torso, can be accurately extracted. Less than 8% error between 
actual tissue values and measurements were observed at all times. Simulated studies 
showed the feasibility of reducing the percent error down to as low as 3% [29] as shown 
in section 3.6.   
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Chapter 4: Applications of the Compact 
Planar Sensor 
 
Portable and wearable medical sensors require continuous, unattended and 
uninterrupted monitoring of person’s health. To meet this requirement, the in-vivo 
wearable health monitoring sensor is integrated with a body-area network for the 
diagnosis of pulmonary edema. As shown in the previous chapter, the sensor is composed 
of 17 electrodes with 16 ports in-between and is intended for placement on the human 
chest to detect lung irregularities by measuring the lung’s effective dielectric permittivity 
in a non-invasive manner. An important aspect of the sensor is the use of multiple 
electrodes which mitigates the effect of the outer layers (skin, fat and muscle) on the 
lung’s permittivity. This allows for the characterization of deeper tissue layers.  
We remark that the sensor works by gauging the fringing fields passing through 
the deep tissues and measuring the amplitude of the scattering parameters (S-parameters) 
at each port. These S-parameters are subsequently post processed to determine the 
tissue’s permittivity. Importantly, the simplicity of the sensor design promotes real-time 
monitoring of internal organs in a care-free manner. This is advantageous for patients 
requiring supervised recovery from an acute event or surgical procedure. Such a sensor is 
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also beneficial for at-risk patients and those with time sensitive diseases such as 
congestive heart failure or pulmonary edema. 
 In this chapter, we first focus on the design and characterization of the proposed 
RF sensor towards the detection of early stages of pulmonary edema. Experimental 
validation of this planar RF sensor is then carried out on a human phantom integrated 
with a swine lung to demonstrate its accuracy and feasibility in detecting irregularities of 
the lung. Tissue-emulating gels were employed to mimic outer tissues. Measurements of 
the lung’s permittivity in both healthy and pulmonary edema states are carried out to 
validate the sensor’s efficacy. Using the proposed post-processing technique, the 
calculated permittivity of the lung from the measured S-parameters demonstrated error 
less than 11% compared to the direct measured value. Concurrently, a medical sensing 
body-area network (MS-BAN) is also employed to provide for remote data transfer. 
Measured results via the MS-BAN are well matched to those obtained by direct 
measurement. Thus, the MS-BAN enables the proposed sensor with continuous and 
robust remote sensing capability. Next, we discuss applications of the planar sensor.  
 
4.1 Sample study for edema and emphysema symptoms 
 To test the robustness of the sensor and associated post-processing technique, a 
simulation study of lung disease stages was carried out. Here we used the known 
volumetric percentages of the tissue, air and blood to make a simulation representation of 
the lung in normal, edema and emphysema condition as shown in Table 4.1 [31, 32]. 
Next the effective ϵr of the lung was calculated for each condition as shown in Table 4.2. 
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Similarly, the effective conductivity and loss tangent were calculated for the lung in each 
case. These values are assigned to the simulated inner layer (see Figure 4.2) in three 
separate cases, with the outer layers (skin, fat and muscle) remaining the same. The Si1 
data are collected at the passive ports and plugged into (3-4) to determine the 
permittivity. The calculated ϵr is shown in Table 4.2 along with the error rate compared to 
the exact values [27, 28]. As noted, the error remains below 10% for all cases. 
 
 
Figure 4.1: Ansys® HFSS simulation model of the lung sensor with human tissue 
emulating layers. 
 
 
 
Table 4.1: Blood, tissue and air volumes in the lung for normal, edema and emphysema 
[31, 32]. 
 
 
 
Table 4.2: Simulation results and % error 
 
 
 Blood Volume Tissue Volume Air volume 
Normal 400 mL (15.8 %) 500 mL (19.8 %) 1630 mL (64.4 %) 
Edema 400 mL (15.8 %) 1000 mL (39.5%) 1130 mL (44.7 %) 
Emphysema 400 mL (10.2 %) 250 mL (6.4 %) 3260 mL (84.4 %) 
 Normal Edema Emphysema 
Exact value of ϵr 34.20 51.20 16.90 
Calculated ϵr using (3-4) 37.50 48.80 15.40 
% Error 9.80 4.70 9.00 
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 The above simulation study validates the sensor’s efficacy with low error rate. 
Next we proceed to experimentally validate of the proposed sensor. Previous 
measurements were demonstrated in Chapter 3 using biological and non-biological 
material. However, electrical properties of the employed in-vitro biological material (e.g. 
ground beef and steak) depended on temperature and freshness. Thus, they were not 
suitable to represent the real human body. In this chapter we use tissue-emulating gels to 
better emulate human tissues. Details on the fabrication and RF characterizations of these 
gels are demonstrated in the next section. 
 
4.2 Tissue emulation technique 
 Various methods have been used in creating tissue emulating substances [33-36]. 
Particularly, solid phantoms [37-39] were used to measure the specific absorption rate 
(SAR). However, these tissue-emulating phantoms employed averaging of the electrical 
properties and did not, thereafter, represent the actual layered human tissue. Instead, we 
considered a multilayered phantom with each layer assigned individual tissue properties 
obtained from [41-47]. 
 As shown in Figure 4.2 (a, b), a semi-solid gel-based phantom was chosen 
because of its fabrication ease and low cost. As demonstrated in [45, 46], the skin and 
muscle gels were created with a formula consisting of: Gelatin A, polyethylene glycol 
mono phenyl ether (Triton X-100), sodium chloride, de-ionizing water, vegetable oil, 
Ultra Ivory hand soap and food coloring. We note that the vegetable oil maintains the 
lowest electrical properties of the ingredients, whereas de-ionizing water has the highest.  
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(a)       (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c)       (d) 
Figure 4.2: (a) Cross-sectional view showing gel layers and thickness. (b) View of the 
mannequin with skin and muscle gel patches that mimic upper abdominal and chest. 
Comparison between the exact electrical properties of human tissues [27, 28] and the 
properties of fabricated gels for (c) skin, (d) muscle.  
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Concurrently, salt was added to increase conductivity and decrease the relative 
permittivity. By altering the mixture percentages, the properties of the tissue at 40 MHz 
were emulated with good accuracy. 
After the gel was cured, it was placed on the mannequin’s upper abdominal and 
chest region as seen in Figure 4.2 (b). To measure the RF characteristics of the gels, the 
Agilent® E8362B PNA Network Analyzer and Agilent® 85070E Dielectric Probe Kit 
were used. However, because the default probe in the kit operates at 200 MHz – 2 GHz, 
an alternative probe was used with the kit’s program. The alternative probe can operate as 
low as 30 MHz. As depicted in Figure 4.2 (c, d), measured results are demonstrated and 
compared to reference data from [27, 28]. We remark that the measured properties of the 
tissue-emulating gels agreed well with the reference data, making it an appropriate 
representation of the phantom outer layers. 
 
 
4.3 Measurements using a human phantom  
 We proceed to evaluate the sensor on a human phantom covered by the 
aforementioned tissue-emulating gels. Concurrently, a fresh swine lung was placed inside 
the phantom (see Figure 4.3 (a)). We remark that the use of a fresh swine lung helps 
evaluate the sensor in a more realistic scenario. Of course, the latter has unpredictable 
inhomogeneous characteristics introduced in the lung. 
 The lung is secured in place using foam blocks and the planar sensor was placed 
on top of the multilayer gels as shown in Figure 4.3 (a). The phantom was then laid in the 
prone position and remains as such throughout the measurement to ensure that no air gaps 
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existed between the lung and the phantom. We proceed to activate port #1 with a 40 MHz 
RF signal, and measured Si1 at the passive ports sequentially, with the rest unused ports 
terminated by 50 Ω. To ensure measurement accuracy, the data collection process was 
repeated twice, noted as trial 1 and 2 in the graphs. As shown in Figure 4.3 (b), good 
match is found between the two measurement trials. Concurrently, the exact ϵr of the 
swine’s lung tissue was measured to be ϵr = 106.8. As shown in Table 4.3, differences 
between the calculated ϵr values using the sensor and the exact ϵr, measured by the 
dielectric probe kit, are within 10%. These results are promising and demonstrate the 
feasibility of the RF sensor in detecting the dielectric permittivity of the lung.  
 Next, to simulate pulmonary edema stages, we proceeded to insert hollow plastic 
balls (diameter = 2 cm) filled with distilled water, inside the swine’s lung. We started 
with 6 water balls placed randomly in the area where the sensor’s fringing field is 
strongest. Following the previous measurement procedure, we obtained the Si1 data twice 
(see Figure 4.3 (c)). As shown in Table 4.3, these results are compared to the exact ϵr 
which is calculated to be the volumetric proportion between lung tissue and distilled 
water, all within the area where the fringing field is strongest (16cm (L)×10cm 
(W)×8.5cm (H) below the gels). We remark that in case of non-uniform tissues, the 
sensor is expected to extract the effective permittivity value that lies underneath the 
sensor. For example, in the presence of a lung tumor (𝝐𝒕𝒖𝒎𝒐𝒓 ≫ 𝝐𝒏𝒐𝒓𝒎𝒂𝒍 𝒕𝒊𝒔𝒔𝒖𝒆 [26]), the 
effective permittivity calculated by the sensor is expected to be larger than that of normal 
lung tissues. The case of a pulmonary edema will have a similar effect. From Table 4.3, 
we remark that the error is maintained below 11%. 
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(a) 
 
  
(b)      (c) 
 
 
  
 (d)      (e) 
Figure 4.3: (a) Experimental setup and swine’s lung placement inside the mannequin 
torso, tissue emulating gel layers and antenna placement on the outside of the mannequin 
torso, (b) Transmission coefficients (Si1) measured using the sensor with the swine’s lung 
alone, (c) Si1 with 6 water balls inserted into the swine’s lung, (d) Si1 with 12 water balls 
inserted into the swine’s lung, and (e) with 18 water balls inserted into the swine’s lung.  
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(a) 
 
 
 
 
 
 
 
 
 
(b) 
Figure 4.4: (a) Exact vs. calculated permittivity values (using (3-7)) for different setups 
and different experiments within each setup and (b) error for different setups and 
different experiments within each setup. 
 
 
 
Table 4.3: Calculated vs. exact ϵr and % error 
 
 
  
 To further evaluate the sensor's accuracy, we proceeded to increase the water balls 
by increments of 6. The corresponding measured results are shown in Figure 4.3 (d, e) 
 Exact ϵr value Calculated ϵr using (3-4) % error 
Lung Only Trial 1 106.80 96.4 9.74 
Lung Only Trial 2 106.80 99.92 6.44 
SixWaterBallsTrial1 97.67 87.47 10.44 
SixWaterBallsTrial2 97.67 94.06 3.70 
TwelveWaterBallsTrial1 95.30 89.37 6.22 
TwelveWaterBallsTrial2 95.30 88.39 7.82 
EighteenWaterBallsTrial1 92.94 85.74 7.75 
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and in Table 4.3. We found the errors between the calculated ϵr
  and the exact values are 
well below 11% (see Figure 4.4 (b)). We remark that, given the inhomogeneous 
characteristics of the lung tissue, low error rates were still achieved using the proposed 
RF sensor. This demonstrated the feasibility and robustness of the RF sensor. 
Additionally, we found that all the calculated values of ϵr are smaller than the exact 
values measured by the dielectric probe at all times (see Figure 4.4 (a, b)). To address this 
issue, a pre-measurement calibration is a likely option. Overall, the proposed RF sensor 
determined the ϵr of the deep tissues, making it promising in detecting dielectric changes 
in the lung for monitoring the emergence of edema. 
 
 
4.4 Design of the body-area network for medical sensing (MS-BAN 1.0)  
4.4.1 Architecture of the body-area network 
To enable continuous remote sensing and data transfer, we proceeded to develop a 
wireless body-area network [48] for medical sensing (MS-BAN). As shown in Figure 4.5, 
we proposed an MS-BAN for the lung sensor. It was composed of the lung sensor and a 
compact body-area wireless communication system. To note, such wireless 
communication system is composed of a wireless communication node and a Bluetooth 
bridge. To connect the RF sensor with the wireless communication system, a RF-to-DC 
converting circuit was also designed. As demonstrated in Figure 4.5, the RF signal at the 
sensor output was first converted to DC and transferred to the communication node. 
Then, it was transferred to the data collecting mobile devices via the Bluetooth bridge. 
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Figure 4.5: Prototype lung monitoring sensor with integrated wireless communication 
system for MS-BAN. 
 
 
The collected data can be processed for in-situ display in a mobile application, 
and/or transferred to a cloud database for remote monitoring. Concurrently, reliable 
power supply was also critical in MS-BAN. In this study, we used a battery for proof of 
concept. A more sustainable solution is to employ an energy harvesting aperture [49] on 
the body using wearable textile antennas [50, 51]. 
 
4.4.2 Wireless communication system  
As described in [48], the wireless communication system was composed of four 
basic functional boards: namely, a node board, an analog-to-digital conversion (ADC) 
board, a Bluetooth (BT) transmitter, and a rechargeable Li-Polymer battery board (see 
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Figure 4.6). The node board is compact in size, with a built-in microcontroller (TI 
MSP430) and a 2.4 GHz IEEE 802.15.4 compliant RF transceiver (Chipcon CC2420). An 
embedded operating system (TinyOS [52]) was also included in the microcontroller for 
the wireless sensor network. 
As demonstrated in [48], the input analog signal was first processed on the 
communication node and then transferred to the BT bridge via the RF transceiver, and 
eventually to the mobile device via Bluetooth transmission. We noted that the 
communication range for the RF transceiver was ~5m, sufficient for the functioning of 
the body-area network. Therefore, this compact wireless communication system provided 
a wireless data link for the development of MS-BAN. 
 
  
(a)       (b) 
Figure 4.6: (a) Layout of the node board and (b) architectures of the communication node 
and Bluetooth bridge.  
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4.4.3 RF-to-DC converting circuit 
The aforementioned wireless communication system required a DC input signal. 
Thus, an RF-to-DC signal conversion was critical to integrate the RF sensor with the 
wireless communication system. As shown in Figure 4.7 (a), a RF-to-DC converting 
circuit was designed and fabricated. It provided a broadband conversion of the RF input 
signal from 100 kHz to 1 GHz. We note that the key component of the converting circuit 
is the RF power detector chip (LTC5507 [53]). As described in [53], the RF input signal 
was peak detected by the Schottky diode peak detector inside the chip and supplied to the 
output pin. Multiple capacitors and resistors were also included for the proper function of 
the chip (see Figure 4.7 (a)). Importantly, C1 and C2 were chosen based on the frequency 
range of the input RF signal [53]. Concurrently, C3 and C4 were used for power supply 
filters and R1 and R2 served to better match the input impedance (see Table 4.4 for exact 
values). 
To record the output voltage of the converting circuit, two measurement methods 
were used, namely a multimeter connected directly to the sensor via the wireless 
communication system. Notably, both measured results matched well to measurements 
done using a vector network analyzer, with an error of less than 7%. We remark that this 
converting circuit provided a connection between the RF sensor and the wireless 
communication system. It is important to note the Vout is more accurately measured when 
the input RF power (RFin) is > -17 dBm (steep region in Figure 4.7 (b)). 
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Table 4.4: Circuit components and values [53] 
C1 & C2 C3 C4 R1 R2 
0.1 μF for frequency range 
100 kHz to 30 MHz 
100 pF 0.1 μF 400 W 12 W 
1000 pF for frequency range 
30 MHz to 1 GHz 
 
 
 
 
 
(a)     (b) 
Figure 4.7. (a) Fabricated RF-to-DC converting circuit and (b) measured DC output 
voltage with different RF input power at 40MHz. 
 
 
4.5 Experimental validation of MS-BAN wireless link 
We proceeded to integrate the aforementioned wireless communication system 
with the body-worn lung sensor to validate the MS-BAN wireless link. As shown in 
Figure 4.8 (a), the lung sensor with the wireless system were mounted on the chest of the 
human phantom. Similar to the previous test, the chest was covered with skin and muscle 
layers constructed of tissue emulating gels. A fresh swine lung was also placed inside the 
phantom. In this experiment, the wireless system was individually connected to each 
output port of the sensor with the rest terminated by 50 Ω loads. Then, the sensor input 
(port #1) was activated with a 40 MHz RF signal. To ensure RF-to-DC converting 
accuracy, 15 dBm RF power was used at the sensor input. The transmission coefficients, 
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𝑆𝑖1, were measured and transferred to a laptop via MS-BAN. As shown in Figure 4.8 (b), 
the transmission coefficients of port #2 - 6 were measured using the MS-BAN. Notably, 
they agree well with the measured data from the previous section (see Figure 4.3 (b)).  
 
  
(a)     (b) 
Figure 4.8: (a) Experimental validation of MS-BAN wireless link using lung monitoring 
sensor and (b) comparison of measured transmission coefficient Si1 by Vector Network 
Analyzer (VNA) and via MS-BAN. 
 
 
It was already noted that the MS-BAN wireless link enabled highly accurate data 
transmission in body-worn sensor application. This characteristic is important in remote 
medical monitoring. Concurrently, we noted that the output power beyond port #6 of the 
sensor was too low to ensure RF-to-DC conversion accuracy. In order to penetrate as 
deep as 8-10 cm, it is necessary to obtain the data from all 16 ports. Hypothetically, if 
only the first 6 ports of the sensor were utilized, the inner layer’s permittivity could be 
resolved, however, the calculated permittivity will not reflect that of tissues beyond 4 cm 
deep. Therefore, improvement on the sensitivity of the RF-to-DC converting circuit is 
needed.  
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4.6 Textile sensor 
With the need for a flexible sensor, a textile version of the sensor was considered. 
For flexibility, we pursued the fabrication of the sensor using conductive fibers (Figure 
4.9 (a, c)), instead of copper (Figure 4.9 (b)). In doing so, the sensor can be used as part 
of our clothing for everyday use. The automated embroidery of Amberstrand® 
electrically conductive fibers (E-fibers) [54-61] is particularly suitable for the textile 
application of the body worn sensor. Importantly, the performance of E-fiber surfaces is 
much closer to that of copper at low frequencies (such as at 40 MHz, viz. the frequency at 
which the proposed sensor is used). The sensor was fabricated using E-fibers and the 
performance of the textile-based sensor was tested against that of its copper counterpart 
(see Figure 4.9 (d)). As expected, the Si1 values match acceptably for most of the ports 
proving that E-fibers are a viable and more durable replacement for copper. 
 
 
 
 
 
 
 
(a) (b)  
 
 
 
 
 
 
(c)     (d) 
Figure 4.9: (a) E-fiber based textile sensor, (b) copper based sensor, (c) demonstration of 
the flexibility of the textile sensor, and (d) a performance comparison between the textile 
and copper sensor through the measurements of the scattering parameters at each port. 
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4.7 Discussion and summary 
In this chapter, we provided a sensor that diagnoses the abnormalities of the deep 
tissues (especially the lung) through the identification of the effective permittivity of the 
tissue. We proposed a body-area network (MS-BAN) to wirelessly transfer the data 
collected by the sensor for continuous health monitoring. Given the inhomogeneity of the 
swine lung tissue, the measured ϵr demonstrated error < 11% at all times. The proposed 
sensor was also able to differentiate between stages of pulmonary edema. We understand 
that this error rate may still be large but can be reduced by employing calibration 
techniques.  
We found that the measured S-parameters using MS-BAN were in good 
agreement with our previous measured results. Therefore, these experimental results 
validated the proposed body-area network for medical sensing and demonstrated its 
feasibility in the application of remote health monitoring. 
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Chapter 5: An In-vivo Wearable Band Sensor 
for Monitoring Deep Tissue Electric 
Properties 
 
In this chapter, we build on the concept of the compact planar sensor to develop a 
band-like version of the sensor with many more electrodes. The proposed sensor is 
flexible and composed of a finite set of N electrodes (antennas) fed at N ports. Each port 
can be excited separately by a RF signal at 40 MHz. The other probes collect the 
scattering parameters which are used to extract the electrical properties of the underlying 
biological tissue.  
The band sensor is wrapped around the human body and offers several additional 
advantages to the planar version. Specifically, planar sensors are prone to errors as they 
can be easily misplaced when the patient is moving. Additionally, they cannot provide 
imaging of the torso’s cross section, but rather an estimate of the underlying tissues’ 
effective permittivity. By contrast, the presented band sensor, in addition to avoiding 
recalibration due to its symmetry, can provide localized estimation of the dielectric 
constant deep into the human body. Below, we provide a description of the sensor and its 
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operation. This is followed by its validation with measurements and a demonstration for 
its imaging potential. 
 
5.1 Band sensor design  
The sensor consists of a finite set of N meandered electrodes fed at N ports as 
shown in Figure 5.1 (a, c). For this study, N = 65 and each electrode is 11 mm wide and 
50 mm long with a 1.57 mm gap in between the electrodes. We opted to use meandered 
electrodes to improve impedance matching and improve power delivery at the active port. 
Each port is selectively excited while the others collect the scattered fields from the 
surrounding body. An added advantage of the proposed band sensor is that the measured 
transmission coefficients (Si1) are always higher than -50 dB. Therefore, the sensor is 
compatible with the sensitivity of typical data transmission sensors.  
 
 
   
(a)       (b) 
 
 
 (c) 
Figure 5.1: (a) 3D view and dimensions of the sensor, and (b) an illustration of the probe 
excitation and probe reception in the band sensor. Collected data are used to extract the 
dielectric constant of the torso’s cross section at pre-specified locations. (c) Circuit 
diagram of the array. 
 
53 
 
Figure 5.1 (b) depicts the band sensor and the process of collecting the Si1 data. 
Below, we begin by discussing the ϵr extraction process at pre-specified locations. This is 
followed by verification with measurements. 
 
5.2 Post-processing technique  
A post-processing technique was used to remove effects from the outer tissues 
and extract the electrical properties of tissues deep into the torso. In our study, we focus 
on the lung’s properties but other organs can be selected. The ability to select and 
monitor sections of the body offers yet another advantage over smaller sensors. As in 
Chapter 3, we chose to represent the lung dielectric constant ϵr as a weighted sum of the 
transmission coefficients obtained at the passive ports. Among the available 65 ports we 
used the data from 12 electrodes (11 ports; 1 active port and 10 passive ports) to represent 
the lung’s ϵr. The partitioning of the band sensor into smaller sections is called 
subgrouping. The subgroup size was chosen because  
(a) Signals beyond 10 passive ports were too small for practical use. 
(b) The overall width of the subgroup was large enough to ensure penetration down 
to 8-10 cm. Data were collected via a sequential activation of the subgroups 
within the wrap-around sensor, as depicted in Figure 5.2 (a), to obtain a map of 
the body’s dielectric constant. As shown in Figure 5.2 (b), we can choose 
different subgroups around the body to detect/extract ϵr at different locations 
within the torso.  
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Assuming port #1 is excited, the ϵr can be represented as  
 
ϵr
 = ∑wi−1 Si1
11
i=2
                                              (5 − 1) 
 
where Si1 are the transmission coefficients read at the i
th port and wi-1 are the assigned 
weights (to be calculated). 
 
 
 
 
 
 
 
 
 
(a)       (b) 
Figure 5.2: (a) Top view of the body’s cross section showing sequential excitation of the 
ports within the band sensor, and (b) Subgrouping of the electrodes to focus on different 
sectors of the torso.  
 
 
Since the band sensor can have any given port activated, (5-1) can be repeated for 
each port. That is, if the jth port is excited, then (5-1) becomes: 
 
ϵr_j
 = ∑ wi−j Sij
j+10
i=j+1
   , 𝑖 ≤ 𝑁                                 (5 − 2) 
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Here Sij data were collected, where j refers to the excitation port number and j = 1,2,3,…, 
N, i refers to the signal reception port number and i = j + 1, ..,  j + 10, and N = 65 for the 
current sensor. It is understood that when i > 65, we revert back to using the first few 
ports as passive ports in the band sensor (i.e.  i = 66 corresponds to i = 1). Also, due to 
the inherent asymmetry of the electrodes (the electrodes are not symmetric around a 
single port), then Sj+1 ≠ Sj-1. Thus, only i = j + 1, .., j + 10 are valid in (5-2) (as opposed 
to i = j ± 1, .., j ± 10). 
We aim to obtain the weights in a manner which minimizes the impact of the 
distal/outer tissues (skin, fat, muscle and bone). The process of calibrating out the outer 
layers of the body amounts to targeting or localizing expression (5-2). Specifically, as 
done in Chapter 3, Sij values are computationally collected for a variety of skin, fat, 
muscle, and bone (i.e. outer layers) electrical properties. Enforcement of (5-2) is done by 
varying the ϵr values for the outer layers by ±15%, σ by ±20% and their corresponding 
thicknesses by ±50% [27, 28]. For each combination of outer layer properties, ϵr of the 
targeted region (i.e. the lung) is also varied across its expected range. For the lung, it 
would be the dielectric constant values between inhaling and exhaling. This process 
generates more than 1000 equations for enforcing/testing (5-2). Solving the resulting 
equations via the least squares method gives the weights. That is, the weights are 
predetermined computationally. The process is then repeated using (5-2) for all 
subgroups of the wrap-around sensor to obtain one set of weights that gives the least 
amount of error for all subgroups. 
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  The explicit version of (5-1) using the calculated wi-1 was found to be 
 
ϵr
 = −1.1 S21 − 12.4 S31 + 12.4 S41 − 3 S51 + 6.5 S61 − 2.7 S71 − 31.33S81 +
82.3 S91 − 40.4 S10 1 − 11.5 S11 1                                                                      (5 − 3)   
     
This equation is suitable for any subgroup of the band sensor. Its feasibility was 
already validated using the compact planar sensor in Chapter 3 where the extracted ϵr was 
found accurate within a small error < 8%. Next, we validate the design and (5-3) for the 
band sensor with measurements. As compared to Chapter 3, the goal in this chapter is to 
evaluate the band sensor and verify its capability to detect variation in ϵr across the torso. 
By contrast, Chapter 3 only verified the expression (5-1) for a uniform cross-section. 
Here, the band sensor contains 65 electrodes and will be partitioned into subgroups. For 
experimental testing of the band sensor we choose 4 distinct sectors/ subgroups in order 
to observe different regions of the cross section. 
 
5.3 Measurements and validation  
As noted earlier, an important aspect of this band sensor is the capability to 
extract the dielectric constant of the torso at selected locations. This can be done by 
exciting each of the 65 ports and receiving at the others. Thus, in theory, we can have as 
many as 65 different ϵr values. It then remains how to interpret these values for imaging 
the torso cross section. In this chapter, we proceed to demonstrate that indeed different 
sensor sectors can obtain ϵr values that agree with exact values (using Agilent 85070D 
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dielectric probe kit and a custom low frequency probe). Specifically, for the 
measurements presented herein, we will choose 4 sectors around the torso as depicted in 
Figure 5.3. Within each sector, the first port in order is excited and signal is received at 
the following 10 ports (in the direction of port polarity). Equations (5-3) will then be used 
to calculate ϵr and compare the results with the actual values. In this way, we will be able 
to see how the sector ϵr values correlate to the actual ϵr across the torso. 
The band sensor electrodes were fabricated using copper on very thin polyester 
film, as shown in Figure 5.3 (a). To validate the sensor and the ϵr extraction equation, the 
sensor was wrapped onto a tissue phantom of diameter 15.4 cm. Figure 5.3 (b) depicted 
the phantom composed of 4 outer gelatin based layers, mimicking skin (ϵr = 71.0), fat (ϵr 
= 7.1), muscle (ϵr = 78.0) and bones (ϵr = 39.0), respectively. The gelatin layers were 
mixed and molded in accordance with the recipes in [45, 46], their electrical parameters 
were similar to that of actual human tissues at 40 MHz [27, 28].   
In addition to the outer layers, we also formed an inner layer gel (deep red in 
Figure 5.3 (c, d)). The intent of this gel was to emulate the torso’s cross section with 
material of ϵr ≈ 78 at 40 MHz. 
The performance of the band sensor was tested in two cases; uniform and non-
uniform torso cross section, as shown in Figure 5.3 (c, d). The non-uniformity was 
realized by introducing cylinders of different dielectric constant into the otherwise 
uniform cross section. To localize the observed dielectric constant, we divided the band 
sensor into 4 different subgroups. As already noted, by exciting each subgroup separately 
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and using the scattering parameters from nearby probe receptors, we can create a 
correspondence between the measured dielectric constant and the tissue’s location. 
Starting with the uniform torso cross section, depicted in Figure 5.3 (c), we 
observe that the extracted ϵr had an average error of 6% with respect to the exact values, 
shown in Table 5.1. This small difference in ϵr is likely due to fabrication and gel mixing 
inaccuracy. But it is also sufficiently small to demonstrate the efficacy of the proposed 
band sensor to calculate the dielectric constant of tissues deep into the torso.  
To further examine the efficacy of the sensor, we tested it on a non-uniform torso 
as well. To do so, pink gelatin cylinders (measured ϵr = 20.2) were inserted to replace 
parts of the deep inner tissue and, thus, introduce some non-uniformity, as demonstrated 
in Figure 5.3 (d). When different sectors of the wraparound sensor are excited, their 
extracted ϵr should represent the weighted average of the permittivities within the torso 
region under it. The expected value for this effective ϵr is calculated by identifying the 
different substances comprising the inner volume and using their percent occupied 
volume to find the effective ϵr. We note that ϵr of each substance is measured separately 
using a dielectric probe kit. The intent of using the pink gelatin cylinders is the 
introduction of low ϵr within the targeted region. This low ϵr is meant to emulate lung 
tissues with air pockets (i.e. the inhaling stage). Referring to Figure 5.3, the extracted 
effective ϵr values from the four different excitation sectors (subgroups 1 to 4) of the 
wraparound sensor are presented in Table 5.1. As seen, depending on the relative location 
of the port subgroup, the effective ϵr also changed. 
 
59 
 
Table 5.1: The measured ϵr using (5-3) and % error vs. its exact value  
 Subgroup 1 Subgroup 2 Subgroup 3 Subgroup 4  
Calculated 𝜺𝒓
  of 
uniform torso  
84.4 84.2 82.8 79.6 
% Error 8.2 % 7.9 % 6.2 % 2.1 % 
Calculated 𝜺𝒓
  of 
non-uniform torso  
88.6 45.4 42.2 70.3 
% Error 13.5 % 10.7 % 2.9 % 9.9 %. 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
(a)       (b) 
 
 
 
 
 
 
 
 
 
 
 
(c)       (d) 
Figure 5.3: (a) Fabricated 65-electrode band sensor. (b) Tissue-mimicking phantom for 
testing. (c) Uniform torso, showing 4 arbitrary subgroups. (d) Non-uniform torso with 
insertion of pink gelatin cylinders of ϵr = 20.2, along with a demonstration of the area 
covered by the fringing field within sector/subgroup 3. 
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We observe that the extracted effective ϵr agreed well with the reference-
calculated values within an average error of about 9% for the non-uniform case. Overall, 
the average error rate of the measurements is 7.7% and the standard deviation is 8.48%. 
That is, the wrap-around sensor has the potential to extract the dielectric constant across 
different locations of the torso rather accurately. 
 
5.4 Discussion and summary 
We presented a wearable band sensor for in-situ monitoring of tissue electrical 
properties deep into the human body. The sensor consisted of 65 electrodes and 65 ports 
between adjacent electrodes. Each port could be activated individually while the 10 
nearby passive ports can serve as signal receivers of the scattering parameters. Post-
processing was then carried out to extract deep tissue properties by suppressing 
interference from the outer tissues.  
A prototype band sensor was fabricated and used to carry out measurements on a 
torso-mimicking phantom. These measurements demonstrated that the proposed sensor 
can accurately extract the dielectric properties of tissue deep into the torso with an 
average error < 8%. More importantly, this band sensor has the potential to localize the 
dielectric properties and image the torso’s cross section using a low cost portable 
approach and therefore monitor the individual’s health condition in real time. A textile 
version of the sensor is feasible for daily use [6] as well. 
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Chapter 6: Dielectric Constant Extraction at 
Pre-specified Locations Using 
Multiple Excitations 
 
Chapter 5 demonstrated a band sensor and a linear approximation technique used 
in extracting the effective permittivity, ϵr, of the underlying tissue with error <13%. 
However, the aforementioned post-processing technique cannot calculate the tissue 
permittivity at specified locations within the human torso, i.e., at individual pixels. This is 
necessary for the practical functionality of the proposed sensor.  
In this chapter, the goal is to perform a study towards recovering a permittivity-
based map/image of the cross section of the body. Specifically, our focus is to recover the 
permittivity of a single pixel at the center of the torso cross section. This center pixel, 
referred to as pixel X, was specifically chosen due to the fact that it is equidistant to all 
the ports, making it the furthest pixel for any propagating wave to reach. Thus the % error 
in recovering ϵr of pixel X is expected to be the highest among all pixels forming the 
cross section of the body.  
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To recover the dielectric constant of pixel X, hereon referred to as 𝜖𝒓 𝒑𝒊𝒙𝒆𝒍 𝑿
 , we 
will use a modified version of the linear approximation of the dielectric constant. 
Potential applications of the envisioned pixel-by-pixel imaging sensor include monitoring 
of the heart function, emptying of the stomach, pelvic fluid accumulation, and identifying 
the boundary between dead and living tissue. For the lung, this type of imaging can be 
used to monitor fluid accumulation, examine the case of a collapsed lung, and/or detect 
pulmonary emboli or blood clots, all in a non-invasive manner and with no exposure to 
X-rays or radioactive materials. Importantly, this can be done using a relatively small and 
inexpensive body-worn sensor. Thus, a pixel by pixel imaging capability is very much 
needed for a variety of useful applications. 
 
6.1 Proposed reconstruction algorithm 
The concept of imaging the cross section of structures using RF multi-static data 
has been extensively pursued. Such studies are aimed towards landmine detection and 
imaging [62, 63]. Moreover, RF multistatic data has also been extensively used for in 
many imaging applications such as thru-wall imaging and tracking [64, 65], cross-hole 
imaging [66], and even breast-cancer imaging [67-69]. Multi-static radar imaging works 
as follows:  
(a) Each transmitter in an array emits an RF signal and the response is measured at 
the receiver array. 
(b) Through a repetition of measurements, a multistatic response (MSR) matrix is 
acquired. 
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(c)  The target’s location, shape, and physical parameters can be obtained from the 
MSR matrix through backscattering techniques.  
In a similar manner, each port in the band sensor can be activated sequentially 
while the transmission coefficients are measured at the rest of the ports. Through these 
measurements, the torso’s cross section, bound by the band sensor, can be reconstructed. 
In multistatic radar imaging, the target moves while the array of the transmitters and 
receivers is stationary. In the human body, the target (lung and heart) remains relatively 
stationary while the transmitter and receivers are activated/selected around the body in a 
sequential manner (see Figure 6.1).  
 
 
(a) 
 
 
(b) 
Figure 6.1: (a) Illustration for extracting the dielectric constant values for specific 
locations inside the body, and (b) error percentage in recovering ϵr of a 3.3 cm x 3.3 cm 
pixel at the center of a torso sized phantom (40 cm diameter). 
 
64 
 
Referring to Figure 6.1 and the concepts in chapter 5, the ϵr representation in pixel 
X is modified to read 
 
𝜖𝒓 𝒑𝒊𝒙𝒆𝒍 𝑿
 = ∑  
𝑵
𝒊=𝟏
∑ 𝒘𝒊,𝒋  𝑺𝒊𝒋
𝑵
𝒋=𝟏
  , 𝒇𝒐𝒓  𝒊 ≠ 𝒋                         (6 − 1) 
 
As before, i  and j are port numbers varying from 1 to N, with N being the total number of 
ports in the sensor array. Also, 𝑤𝑖𝑗 are the unknown weights and 𝑆𝑖𝑗 are the scattering 
parameters measured at port i relative to port j.  
The weights are to be calculated through rigorous simulations of the structure 
under different pre-stated conditions, hereafter referred to as the “training process.” 
Specifically, in the simulation model, the phantom was divided into three regions: 1) 
outer layers (skin, fat muscle, and bone), 2) inner layer excluding pixel X, and 3) pixel X. 
Given a band sensor with N ports and N electrodes, the training process works as follows: 
(a) A specific combination of electrical properties (ϵr and σ) is chosen for the outer 
layers (skin, fat muscle and bone).  
(b) A specific combination of electrical properties (ϵr and σ) is chosen for the inner 
layer (excluding pixel X).  
(c) A specific combination of electrical properties (ϵr and σ) is chosen for pixel X. 
(d) For each combination of (a), (b), and (c), port #1 is excited while ports #2 to N are 
passive and receiving. The received signals are recorded at the passive ports. The 
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process is repeated with port #2 excited, and so on, yielding N*(N-1) multistatic 
measurements.  
(e) The process is repeated for k combinations of electrical properties for pixel X. 
The collected scattering parameters are then used to generate matrix A, while the 
exact permittivity values for pixel X were stored in matrix B. The unknown 
weights, wi,j in (6-1), were calculated through the solution of [A] [w] = [b], where 
A is a k × N*(N-1) matrix, b is column of length k, and w is the unknown weights 
column of length N*(N-1). 
(f) The dielectric constant ϵr for pixel X should remain the same even when the 
electrical properties of the surrounding tissues change. Thus, we repeated the 
aforementioned steps (a through e) for different inner and outer layer properties.  
(g) The matrix [A] [w] = [b] was solved using least squares method, yielding N*(N-
1) weights for pixel X. 
(h) The obtained weights coefficients were then used along with data collected in real 
time to recover the dielectric constant of pixel X, based on (6-1). 
The following algorithms briefly describes the training process: 
 
For each ϵr & σ combination of outer layer (skin, fat, muscle and bone)  
For each ϵr & σ combination of inner layer 
For each ϵr & σ of pixel X  
            Enforce  
𝜖𝒓 𝒐𝒏𝒆 𝒑𝒊𝒙𝒆𝒍 𝑿
 = ∑ 
𝑵
𝒊=𝟏
∑𝒘𝒊,𝒋  𝑺𝒊𝒋
𝑵
𝒋=𝟏
  , 𝒇𝒐𝒓  𝒊 ≠ 𝒋            (𝟔 − 𝟐) 
End 
End 
End            
66 
 
To obtain the weights, we will assume that each pixel is dependent on all multi-
static measurements acquired from all sensor ports. However, during the training process 
described in (6-2), some of the weights will be zero, and thus the expression for 
calculating the permittivity of a certain pixel may be simplified. That is, the weights were 
expected to be less dependent on ports far from the pixel of interest, and more dependent 
on ports close to the pixel of interest (evident in non-centric pixels). 
It is important to note that the process above necessitates the thoracic cavity to 
remain fixed. That is the training process needs to be repeated for patients with different 
body sizes and the weights obtained are unique to every body size.  
 
6.2 Imaging accuracy evaluation: a simulation study 
Two different phantoms were employed to study the accuracy of (6-1). 
 The first phantom emulated a human torso with a cylinder (40 cm in diameter), 
similar to the setup in Figure 6.1 (a). The phantom included skin, fat, muscle, and bone 
layers with thicknesses and electrical properties close to that of human tissue [35-36]. 
The phantom was surrounded by a band sensor, shown in Figure 5.1 (a), and incorporated 
30 probes (N = 30). The goal was to calculate the permittivity of a pixel located at the 
center of the torso, 3.3 cm x 3.3 cm in size (see pixel X in Figure 6.1 (a)).The training 
process described in section 6.1 was followed, and the calculated weights (N*(N-1) = 
30*29 weights in number) were further employed in (6-1) to extract the dielectric 
constant of pixel X. To validate this process, 480 random simulated cases were 
considered. Notably, these cases are simulated combinations of electrical properties 
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different from those used during the training process, hereafter referred to as "test cases." 
For each test case, the recovered ϵr of pixel X was compared to the exact value to 
determine the associated error. As shown in Figure 6.1 (b), the error in recovering the ϵr 
of pixel X remained below 6.75% for all 480 random test cases.  
 A second chosen phantom emulated a canine torso with a cylinder, 16 cm in diameter. 
The phantom included skin, fat, muscle, and bone layers with thicknesses and electrical 
properties close to that of canines (based on a canine cadaver, 9.1 kg with a 49 cm 
thoracic cavity circumference). The use of a canine phantom helps prove the efficacy of 
the proposed system for pet monitoring applications. In this case, a 16 probes-sensor (N 
= 16) was used. The associated schematic and placement of the ports are shown in Figure 
6.2 (a). Again, the goal was to determine the dielectric constant of the centered pixel X. 
This was done using square pixels of various sizes, viz. 0.5, 1, and 2 cm per side. The 
training process described in section 6.1 was followed, and the calculated weights (N*(N-
1) = 16*15 weights) were employed to extract the dielectric constant of pixel X based on 
(6-1).  
  For validation purposes, 260 random test cases were considered. For each of these 
cases, the error in recovering ϵr of the center pixel was calculated, as depicted in Figure 
6.2 (b). Notably, the error rate remains small for all pixel sizes considered (square pixels 
with 0.5, 1, and 2 cm in length). Specifically, the average error rate in recovering ϵr was 
1.2%, 2%, and 1.2% for a pixel of 0.5, 1, and 2 cm in length. As would be expected, the 
average percentage error is slightly higher for smaller pixel sizes as it is more difficult to 
distinguish their effect on the scattering parameters in comparison to larger sized pixels. 
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With these results in mind, next we move on to further characterize the proposed 
technique.  
 
 
  
(a) 
 
 
 
(b) 
Figure 6.2: (a) Schematic of the simulated layered cylinder showing the position of the 
inclusion, and (b) error in approximating the permittivity of the center pixel in different 
sizes; 0.5 cm, 1 cm, and 2 cm.  
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6.3 Accuracy vs. number of field measurements  
As given by (6-1), the aforementioned approach was used to calculate the 
permittivity of a specific pixel within the body and required use of all possible measured 
transmission coefficients. Considering the set-up of Figure 6.2 (a), the transmission 
coefficients were collected as follows: port #1 was excited and the other 15 ports were 
used to detect the received signal; subsequently, port #2 was excited and the other 15 
ports were used to detect the received signal, and so on. This process of sequential 
activation and data collection continued until 16 excited ports × 15 receiving ports = 240 
data were collected (i.e. all the possible N*(N-1) transmission coefficients 
measurements). That is, currently, each pixel depended upon all multi-static 
measurements collected at the sensor ports. However, (6-1) can be simplified to include 
less weights. By doing so, less computational time is needed to obtain a pixel by pixel 
image of the human body. The aforementioned idea of simplifying (6-1) implies use of 
only pre-specified ports to calculate the permittivity of a certain pixel. That is, during the 
training process, only the simulated scattering parameters of pre-specified ports were 
used to calculate the weights and thus limit the number coefficients in the weights 
equation. Towards this goal, two approaches in reducing the number of coefficients were 
used:  
(a) The first approach relates to reducing redundancies in the utilized scattering 
parameters (e.g. S21 = S12 due to symmetry in the electrode set design; thus, only 
S21 is used in the weights equation). This reduction is demonstrated in Figure 6.3 
(b) and can be compared to the original setup in Figure 6.3 (a) for clarification. 
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Specifically, Figure 6.3(a) shows the paths of all possible transmission 
coefficients in the linear representation (N*N-1 measurements where N = 16) 
where all 16 ports are activated sequentially. Figure 6.3(b) shows the reduction of 
measurements as only 10 out of the 16 ports are activated. 
(b) The second approach relates to using a fixed, but small number of active ports to 
acquire the S-parameters. This approach is demonstrated in the schematic of 
Figure 6.3 (c) and can be compared to the original setup in Figure 6.3 (a) for 
clarification. Figure 6.3 (c) shows an application of the second reduction principle 
where the number of activated ports in use is limited to only three active ports. 
 
 
 
(a)     (b)     (c) 
Figure 6.3: (a) Original setup to include all the possible transmission coefficients (24 
measurements), (b) reduced transmission coefficient redundancy/repetition with 10 ports 
activated, and with (c) only three ports activated (17 measurements). Blue lines represent 
transmission coefficients that are most likely to be affected by changes in the center 
pixel.  
 
The error in calculating the permittivity of the center pixel for each of the three 
aforementioned set-ups is given in Table 6.1. As expected, the smaller the number of 
ports (less S-parameter data is used to recover ϵr), the higher the percentage error. That is, 
the transmission coefficients are inversely proportional to the percent error. Nevertheless, 
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depending on the application, a certain error rate may be tolerated. For example, in 
assessing liver fat, tissue permittivities are diverse enough so that a 10% error may still 
yield a conclusive and acceptable answer. The effect of reducing the S-parameters on 
percent errors rate is demonstrated experimentally in section 7.4. 
 
Table 6.1: Average error rate for each setup in Figure 6.3. 
Setup Original 
Reduced 
redundancies 
Three activated 
ports only 
Average Error rate 2% 13.65 % 16.51% 
 
 
6.4 Discussion 
In this Chapter, the proposed linear representation for determining the dielectric 
constant was adapted to a cylindrical surface. The method takes advantage of the known 
tissue characteristics. Specifically, the weights are predetermined to suppress the 
influence of outer layers and emphasize the impact of the local pixel on the measured 
scattering parameters. Different examples provided consistent results for achieving 
accuracy with a percent error of less than 10% in extracting the dielectric constant of the 
center pixel.   
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Chapter 7: Automated Data Collection 
and Wireless Data Transfer 
 
In this Chapter, the developed ϵr  extraction method is tested experimentally using 
a fabricated sensor prototype connected to a data collection system for recording the 
collected voltages between the probes. These are transmitted wirelessly for post 
processing to calculate the scattering parameters and then subsequently extract ϵr. The 
overall proposed system moves a step closer to a robust wearable continuous time 
monitoring system by incorporating the concepts of automated data collection and 
wireless data transfer for remote medical sensing.  
 
7.1 Objectives and requirements 
The proposed external data collection circuit needs to automatically collect 
voltages between the sensor probes for calculation of the scattering parameters. 
Specifically, Scattering parameters are calculated by comparing the input signal strength 
to the received one at each passive port. Consequently, the data collection circuit needs 
to: 
(a) Generate an input signal at 40 MHz.  
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(b) Sequentially activate each port in the sensor (excitation of the intended probe).  
(c) Measure the received signal strength at the passive ports for each activated port.  
(d) Transmit measured voltages wirelessly to a portable device for post-processing.  
An early attempt at satisfying the aforementioned requirements was discussed in 
section 4.4 in the form of the MS-BAN. To summarize, the MS-BAN in section 4.4 has 
demonstrated that:  
(a) Sensitivity of the RF to DC converting circuit limits the number of ports to be 
used.  
(b) The circuit is viable to collect data for transmission to the MS-BAN.  
However, the earlier circuitry in Chapter 4 was bulky and not suitable for multiple 
probe excitation. Therefore, in this chapter, we propose the new circuitry set-up in Figure 
7.1. This new circuitry addresses the previous version’s shortcomings by including: 
(a) Signal generation using a crystal oscillator at 40 MHz for portability. 
(b) Selective activation of each port within the electrode set using RF switches to 
guide the input signal.  
(c) An RF power detector and an analog to digital (A/D) converter to detect the 
output signal with sensitivity as low as -80 dBm, a significant improvement in 
sensitivity as compared to the previous design in Chapter 4. 
(d) A microcontroller to enable the RF switches.  
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Figure 7.1: Automated data collection circuit schematic.  
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7.2 Automated data collection circuit components and design flow 
The automated data collection circuit used a battery for a source. The battery was 
an EN-EL 19 [70] and was chosen because of its compact size and rated voltage supply 
and current. Specifically, it was rated for 3.7V and 700mAh, sufficient for the system's 
power budget requirements. A ready-made voltage booster circuit was used to regulate 
the battery's voltage and up-convert it to 5V, the voltage requirement for many of the RF 
switches in the circuit. The generated 5V source could supply up to 300-400mA, 
sufficient for the operational requirements.  
The DC voltage from the battery was also used to operate the microcontroller. 
The employed microcontroller is an Arduino Due as shown in Figure 7.1 [71]. This 
specific microcontroller was chosen because of its: 
(a) Ease of programming.  
(b) Vast software libraries. 
(c) Internal clock frequency of 84 MHz, viz more than double the frequency of 
operation. Therefore, it can handle the required speeds.  
(d) Large number of i/o pins. Specifically, the Arduino Due has 54 digital i/o lines of 
these 12 provide pulse-width modulated (PWM) outputs.  
Approximately 40 digital control lines are needed for various purposes. Setting up 
the frequency of the signal generator needs four lines; VCC, GND, Clock and DATA. 
For signal generation, a ready-made AD9851 PCB chip circuit was necessary [72]. The 
circuit includes a 30 MHz crystal oscillator with 32 bit 'frequency tuning word'. This 
facilitates the generation of higher frequency signals up to 180 MHz (see Figure 7.2 (a)).  
76 
 
The amplifier is placed after the signal source to boost its amplitude, necessary for 
detecting signals from far away probes. This amplification was also needed to overcome 
losses in the RF switches (-1.3 dB per Single Port Double Throw (SPDT) switch [73] and 
-1.7 dB per Single Port 8 Throw (SP8T) switch [74] as the signal passes through the 
switches.  
After amplification, the signal is supplied to the RF switch network for sequential 
activation of the excitation port starting with the input SPDT switch. We note that the 
current setup can support the sequential activation of 16 ports within one electrode set. 
This is done by dividing the 16 ports of the sensor into two sets; ports #1 to #8 and ports 
#9 to #16. Two control lines are used to toggle between the two sets. Subsequently, 3 
control lines are used to toggle among the 8 ports of each set. The reverse switching order 
is done at the output of the circuit as shown in Figure 7.1. Overall, 16 control lines are 
needed from the microcontroller to control the RF switch network.  
 
 
    
 (a)       (b) 
Figure 7.2: (a) Signal generation setup, and (b) programming of the switches using LEDs.  
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The microcontroller sends DC signals to the control lines of the switches to toggle 
them and open up a selected path for the incoming 40 MHz signal. Control lines were 
preprogrammed and an LED circuit was used as an indicator of the control line signals 
(see setup in Figure 7.2 (b)). Each port has a SPDT switch to toggle between active and 
passive operation. This setup is adopted to prevent signal leakage from one port to 
another. Each SPDT switch control lines are controlled by a hex inverter [75]. The reason 
for using a hex inverter is to reduce the number of control lines needed to control the 
SPDT (vis, from two per port to one per port).  
The schematic in Figure 7.1 shows the placement of switches. Additional 
switches can be added to expand on the number of ports, but with the addition of 
switches comes the need for additional control lines. It is important to place DC coupling 
capacitors after each step to remove DC signals that may leak to the circuit and corrupt 
the RF signals.  
Because the Arduino’s ADC pin may not be able to detect low signals, an external 
chip is used for signal detection. Specifically, a logarithmic amplifier chip (AD8307) [76] 
is used to detect the signal at the passive ports. This chip detects the RF signal amplitude 
and up-converts them to a digital voltage detectable by the microcontroller. The chip can 
detect signals as low as -80 dBm, a 63 dB improvement in sensitivity as compared to the 
MS-BAN design in section 4.4. From here on, the received signal is calculated in 
accordance to the AD8307 chip’s enforced relation. Specifically,  
 
Received signal (dB)  = 40 ∗ (𝑋𝑣𝑜𝑙𝑡𝑎𝑔𝑒  − 𝑐𝑎𝑝𝑣𝑜𝑙𝑡𝑎𝑔𝑒)                     (7 − 1) 
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Here, Xvoltage is the voltage read at the output pin of the chip and capvoltage is the 
maximum voltage detectable by the amplifier, usually 2 Volts.  
To calculate the scattering parameters of the imaging sensor, the input signal 
strength (in dB) is subtracted from the received signal. Also, parasitic effects due to the 
circuit must be removed from the received signal as well. The calibration is done by 
measuring S21 when port 1 is directly connected to port 2. Specifically, the scattering 
parameters in dB are calculated using the expression: 
 
S𝑖𝑗 (dB)  = 40 ∗ (𝑋𝑣𝑜𝑙𝑡𝑎𝑔𝑒  − 𝑐𝑎𝑝𝑣𝑜𝑙𝑡𝑎𝑔𝑒) –  G (13.4 dB)  
− 𝑃𝑖 (−6 dBm)                                                           (7 − 2) 
 
Here G is the circuit amplification gain assumed equal to 13.4 dB and Pi is the input 
power equal to -6 dBm. A main concern with PCB boards is loss in signal strength and 
cross coupling between transmission lines. To this effect, the transmission line width and 
its proximity to other transmission lines were optimized through simulations and 
measurements. Specifically, the transmission and reflection parameters were measured 
for a 10 mil transmission line and results are shown in Figure 7.3 and indicated no cross 
coupling to occur between the paralleled transmission lines (S11 & S31 <-30dB). That is, 
the chosen 10 mil wide transmission lines and their separation are acceptable.    
The final board is a 14.5 cm by 12.5 cm PCB board with four layers. One layer is 
used for the common ground and another for the 5V supply. The other 2 layers contain 
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traces of the control lines (Figure 7.3 (c)). Chips and other components are placed on the 
top side.  
 
 
(a) 
 
  
(b) 
 
 
 (c) 
Figure 7.3: (a) Fabricated board with coaxial ports at the corner for testing, (b) measured 
transmission line scattering parameters, and (c) board layout 
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7.3 Wireless data transfer 
With the received signal selectively read across the ports, the next step is to 
transmit the scattering parameter data to an external device for post-processing as well as 
continuous monitoring. The Shimmer2R [77] wireless sensor platform offers a suitable 
solution for the purpose of data acquisition and transmission, with an onboard 
microcontroller and Bluetooth communication all within a compact-sized and light-
weight package (53 mm x 32 mm x 25 mm and 15g respectively). The evaluation kit of 
the Shimmer2R includes expansion modules to be added onto the main device for various 
applications such as the AnEx Rev. 1.0 which is an external connector breakout board 
with +/-5VDC switched capacitor regulator. This breakout board is capable of detecting 
voltages and is connected to the ADC pin on the MS-BAN 2.0, thus transmitting the 
voltage from the MS-BAN 2.0 to a neighboring device via Bluetooth. There, the voltage 
will be converted back to the received signal amplitude through the governing equation 
of the AD8307 chip and thus calculate the scattering parameters.  
The Shimmer2R also comes with a supporting application compatible with most 
personal devices making it easier to record the transmitted data for post processing.  
 
 
 
 
 
 
 
 
 
 
    (a)       (b)  
Figure 7.4: (a) Shimmer2R wireless sensor platform and (b) the AnEx Rev. 1.0. 
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7.4 Testing and demonstration: Center pixel recovery experiment  
 In section 6.2, simulations show that the dielectric constant of the center pixel can 
be recovered with an error as low as 2%. In this section, we aim to experimentally 
recover the center pixel's dielectric constant using automated data collection circuits and 
the concepts in section 6.3.  
 Our experimental setup is shown in Figure 7.6, starting with a newly designed 
wrap-around electrode set to include 16 ports and 16 electrodes as depicted in Figure 7.7 
(b). The electrode set is wrapped around the outside of a plastic container, 16 cm in 
diameter. This container is filled with tissue emulating gel representing the inner layer (ϵr 
= 58). The center of the inner layer gel is hollow to permit the insertion of another 
exchangeable cylinder, 2 cm in diameter as shown in Figure 7.6. This inner cylinder 
represents the center pixel X. Obviously, the goal of the experiment is to extract the 
dielectric constant of the center cylinder. Four different center cylinders with different 
dielectric constants were tested, representing variation in the center pixel X. As 
previously presented, the tissue emulating gels followed the recipes in [45, 46] and their 
properties were characterized prior to the experiment using Agilent 85070D dielectric 
probe kit and a custom low frequency probe. The next step is to employ our imaging 
sensor to extract its dielectric constant and compare with data from the low frequency 
dielectric probe kit.  
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Figure 7.5: Experimental setup for the recovery of the ϵr of the center pixel.   
 
 
To improve measurement accuracy, calibration is done by wrapping the electrode 
set around a plastic container filled with distilled water and air. The measured scattering 
parameters were then compared to the simulated scattering parameters. For each 
measured scattering parameter the Sij parameters were calculated using the expression  
 
𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑒𝑑 𝑆𝑖𝑗 = 𝛾𝑖𝑗  ∗ (𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑆𝑖𝑗) + 𝛽𝑖𝑗                          (7 − 3) 
 
Here 𝛾 and 𝛽 are constants to be calculated with the distilled water and air as reference 
dielectrics and their constants were determined to ensure matching. The calculated values 
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of 𝛾 and 𝛽 through calibration are used later on during the measurements of unknown 
dielectrics. It is noted that the cap voltage for the AD8307 logarithmic amplifier was 
measured to be 1.3 volts, and this value was used in (7-2) to calculate the received signal.  
After calibration, four center cylinders with different dielectrics were tested. For 
each of the center pixel dielectrics, different weights equations were tested (some contain 
a low number of weights and some contain a high number of weights). Table 7.1 gives 
the experiment results. As expected, the higher the number of weights in the linear 
representation, the more accurate the recovered ϵr. The average percent error was 4.3% 
for a low number of weights and 12% for low number of weights.  
 
 
Table 7.1: Experimental results for the recovery of different center pixel dielectrics using 
different weights equations.  
 
Exact 
ϵr 
Number of weights in 
the weights equation 
Recovered 
ϵr 
% 
Error 
Orange 
dielectric 
78 29 74.06 5.05% 
Orange 
dielectric 
78 10 87.78 12.5% 
Blue 
dielectric 
48 18 46.29 3.56% 
Blue 
dielectric 
48 9 53.54 11.5% 
 
 
7.5 Discussion and summary 
A circuit design was presented for automated data collection using the medical 
imaging sensor. The circuit was designed to sequentially activate each port in the sensor 
(up to 16 ports). One port was excited with the remaining received ports being passive. 
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The circuit offers a host of features including signal generation, amplification, switching 
and measurement of the recovered signal. Comparing the generated signal strength to the 
received one yielded the scattering parameters to be used in the ϵr representation with the 
pre-specified weights.  
The designed circuitry allowed for an automated collection of the Sij parameters. 
Tests were carried out to approximate the ϵr of the center pixel to demonstrate the 
efficacy of the proposed wrap-around electrode set. Results showed that the average error 
rate is 8.2% with the ability to achieve lower rates when using a higher number of 
weights in the ϵr representation.  
We note that during measurements, the unused passive ports were shorted to the 
ground. However, in the sensor designs in Chapters 3 and 5, the ports were terminated to 
50 Ω. Figure 7.10 depicts the termination differences. A new electrode set was designed 
to adapt to the change in termination methodology (provided in Figure 7.10 (b)). It was 
noted that the new electrode set had a smaller dynamic range but results were acceptable 
in validating the sensor.  
 
 
(a)        (b) 
Figure 7.6: (a) Passive port termination of the imaging sensor in Chapters 3 and 5 using 
50Ω. (b) Passive port termination for the new electrode design where the electrodes were 
terminated to the ground via a 50Ω resistor. 
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Chapter 8:  Remarks and Future Work 
 
Non-invasive monitoring, particularly deep tissue monitoring (imaging), is an 
important aspect of preventative medicine. In this Dissertation, a new system was 
proposed that brings forward a number of features with some not available today. The 
system combines an imaging algorithm, a flexible body worn sensor, and an automated 
data collection circuit.  
Initially, a compact planar sensor was developed and tested (shown in Chapter 3). 
This sensor consisted of 16 ports and 17 electrodes, one being active and the rest serving 
as signal receivers. A post-processing technique was developed to complement the 
sensor. A key aspect of the sensor and post-processing technique is the suppression of 
interference from the outer layers to improve the accuracy of the extracted dielectric 
constants. Simulations and measurements on biological and non-biological material 
showed that the dielectric values can be estimated with less than 8% error compared to 
the exact dielectric constant values of the material. Simulation studies showcased the 
potential to reduce the recovery error to as low as 3%. The proposed sensor and 
processing techniques were also evaluated for the real life application of detecting 
pulmonary edema stages using an in-vitro swine lung (shown in Chapter 4). Given the 
inhomogeneity of the swine lung tissue, the measured ϵr demonstrated error was < 11% at 
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all time. Towards the goal of continuous health monitoring, a body-area network (MS-
BAN) circuit was proposed for the wireless transfer of the data collected by the sensor. S-
parameters measured using MS-BAN were in good agreement with our previous 
measured results.  
Our initial planar sensor evolved to a band sensor wrapped around the chest 
(shown in Chapter 5). The sensor consisted of 65 electrodes and 65 ports between 
adjacent electrodes. The concept of subgrouping was introduced where each port could 
be activated individually and the 10 nearby passive ports can serve as signal receivers of 
the scattering parameters. A prototype band sensor was fabricated and used to carry out 
measurements on a torso-mimicking phantom. Measurements yielded error of less than 
8% in detecting the dielectric properties of localized regions within a gel phantom. A 
textile version of the sensor was proven to be feasible for daily use as well. 
Later, we introduced the concept of pixel by pixel image recovery for an even 
more localized detection of abnormalities at specified small tissue areas of the torso cross 
section. Focus was on the center pixel and simulation results showed error less than 2% 
in recovering the center pixel’s dielectric constant. Specifically, the average error rate in 
recovering ϵr is 1.2%, 2%, and 1.2% for a pixel of 0.5, 1, and 2 cm in length.  
Towards a more robust system, the sensor and post-processing technique were 
complemented by a novel circuit design for the purpose of automated data collection. The 
circuit was designed to sequentially activate each port in the sensor (up to 16 ports) and 
with each activated port, the received signal was measured at the passive ports (the 
remaining 15 ports in the sensor) after the signal propagated through the body.  
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The overall fabricated sensor with its control circuit was used to experimentally 
recover the dielectric constant of the center pixel within a tissue emulating gel phantom. 
Results showed error of less than 8.2% in recovering the dielectric constant of the center 
pixel.  
A potential future application of the proposed work is pixel by pixel image 
recovery. Notably, the aforementioned studies in sections 6.2 and 6.3 dealt with two 
groups of scatterers: the center pixel and all other layers. To test the concept of pixel by 
pixel image recovery, a simulated canine phantom (Figure 8.1 (a)) was used. Similar to 
the phantom in Figure 8.2 (b), the canine phantom includes skin, fat (subcutaneous 
tissue), muscle, and bone layers with thicknesses and electrical properties closer to that of 
canines (based on a canine cadaver). The inner layer includes the lung and heart.  
The algorithm used to pre-train and obtain the weights is likely to be different 
from previously employed algorithms. In the training process, the electrical properties of 
each pixel are to be changed simultaneously. There are no longer 2 groups of scatterers. 
Instead, there are M number of pixels to be recovered as well as the outer layers as a 
scattering group, yielding M+1 scatterers. Figure 8.1 (b) shows the obtained weights 
equations in use to recover the bottom left quarter of the canine cross section pixels (22 
pixels).  
While two scatterer studies (sections 6.2 and 6.3) yield small error, the 
introduction of more pixels introduces more scatteres in the mix making it more difficult 
to differentiate the effect of one pixel from another on the measured transmission 
coefficients. For that reason, a scaled image (Figure 8.1 (b)) is obtained. 
88 
 
 
(a)      (b) 
Figure 8.1: (a) Testing schematic of a canine phantom and (b) recovered image of the 
bottom left quarter of the canine cross section pixels (22 pixels). 
 
 
Fine tuning/ re-designing the electrode set to have a higher dynamic range should 
improve the results. Thus, use of matching circuits, calibration and flexible coupling 
substrates (the same concept behind using coupling liquids in breast imaging) can 
improve the dynamic range of the sensor significantly. 
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